Compared with many well-studied enveloped viruses, herpesviruses use a more sophisticated molecular machinery to induce fusion of viral and cellular membranes during cell invasion. This essential function is carried out by glycoprotein B (gB), a class III viral fusion protein, together with the heterodimer of glycoproteins H and L (gH/gL). In pseudorabies virus (PrV), a porcine herpesvirus, it was shown that gH/gL can be substituted by a chimeric fusion protein gDgH, containing the receptor binding domain (RBD) of glycoprotein D fused to a truncated version of gH lacking its Nterminal domain. We report here the 2.1-Å resolution structure of the core fragment of gH present in this chimera, bound to the Fab fragment of a PrV gH-specific monoclonal antibody. The structure strongly complements the information derived from the recently reported structure of gH/gL from herpes simplex virus type 2 (HSV-2). Together with the structure of Epstein-Barr virus (EBV) gH/gL reported in parallel, it provides insight into potentially functional conserved structural features. One feature is the presence of a syntaxin motif, and the other is an extended "flap" masking a conserved hydrophobic patch in the C-terminal domain, which is closest to the viral membrane. The negative electrostatic surface potential of this domain suggests repulsive interactions with the lipid heads. The structure indicates the possible unmasking of an extended hydrophobic patch by movement of the flap during a receptor-triggered conformational change of gH, exposing a hydrophobic surface to interact with the viral membrane during the fusion process.
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herpesvirus entry | herpesvirus envelope proteins | membrane fusion | syntaxins and intracellular vesicle fusion | protein disulfide isomerase motif T he members of the Herpesviridae family of enveloped DNA viruses infect a broad range of organisms (1) . Their classification into α-, β-and γ-subfamilies is based on evolutionary relatedness, tropism, and properties of the viral cycle. α-Herpesviruses have the widest host range and establish latency in the nervous system after a rapid lytic phase. β-Herpesviruses are characterized by a slower lytic cycle and cause latent infections of a variety of tissues. γ-Herpesviruses have oncogenic properties and cause latent infections of lymphoid cells.
Herpesviruses display about a dozen envelope proteins at their surface-the exact number depends on the virus. A subset of these glycoproteins is necessary for fusion of viral and host cell membranes during entry into target cells (2) . This core subset is composed of glycoproteins B, H, and L (gB, gH, and gL) and is conserved across the three subfamilies. Crystallographic studies of the gB ectodomain from herpes simplex virus type 1 (HSV-1) (3) and Epstein-Barr virus (EBV) (4) revealed structural homology with the vesicular stomatitis virus envelope glycoprotein G (5), introducing a third structural class of viral membrane fusion proteins (6) . Structural information on gH and gL has been lacking until the very recently reported structure of the gH/gL ectodomain complex of herpes simplex virus type 2 (HSV-2) (7). Despite the structural data now available on gB and gH/gL, the molecular mechanism of protein-induced membrane fusion during cell entry of herpesviruses remains to be understood. gB and gH are both type I transmembrane (TM) proteins, with a large N-terminal ectodomain and a small cytosolic tail, whereas gL is not membrane anchored and associates noncovalently with the gH ectodomain. Despite its conservation in all herpesviruses, gH displays substantial variability in sequence and length, especially in its N-terminal half, even when considering viruses from the same subfamily (Tables S1 and S2 ). We have concentrated on structural studies of envelope proteins of pseudorabies virus (PrV), a porcine herpesvirus of veterinary concern. The ectodomain of PrV gH, with 622 amino acids, is shorter and likely more compact than its counterparts from other herpesviruses for which sequences are available (Table S1) .
PrV belongs to the α-Herpesvirinae subfamily, together with notable human pathogens such as HSV-1, HSV-2, and varicellazoster virus (VZV). PrV, which is a member of the same genus as VZV (Varicellovirus genus), is the causative agent of Aujeszky's disease in swine (8) . The high morbidity and mortality rates associated with PrV infections cause substantial economic losses worldwide. Thus, PrV has been studied intensively and serves as a model to understand α-herpesvirus biology in general (9) .
As with other α-herpesviruses (2), an essential step during entry into target cells is binding of the PrV envelope glycoprotein D (gD) to a specific entry receptor, herpesvirus entry mediator C (HveC) (10) . This interaction signals the activation of the viral fusogenic machinery, composed of gB and the gH/gL heterodimer. The ensuing fusion of viral and cellular membranes results in the release of the viral capsid and tegument into the cytoplasm of the target cell. In contrast to HSV-1 and -2, PrV does not require the presence of gD for spreading from an infected cell to a neighboring, contacting cell (11) . Another difference is that PrV gH is detected at the surface of the cell expressing it-and gets incorporated into virions-in the absence of gL. In all other herpesviruses for which this process has been studied, gH does not fold properly in the absence of gL and remains in the endoplasmic reticulum to be degraded by the unfolded protein-sensing system of the cell. This feature of PrV was used to study the properties of recombinant virions lacking gL (ΔgL), as well as virions that lack gD (ΔgD). The ΔgL and ΔgD PrV deletion mutants, in spite of being noninfectious from the medium, retain a certain degree of cell-to-cell spreading ability (11, 12) . This property was used to subject the recombinant ΔgD and ΔgL PrV deletion mutants to repeated passaging by coseeding infected and uninfected cells, to eventually isolate infectious PrV variants capable of invading cells from the medium in the absence of gD or gL (variants termed ΔgD-Pass and ΔgL-Pass, respectively) (11, 13) . In the ΔgD-Pass strain, the absence of gD is compensated, at least partially, by a single mutation (Ala 64 to Pro) in gH, which maps to the N-terminal segment not present in the truncated gH molecule described here (see below). In addition, three mutations in gB were observed (14) : a short insertion in the N-terminal region, which is disordered in the available structures of HSV-1 (3) and EBV gB (4), and two point mutations (A380V and L416P) mapping to the plekstrin homology domain (domain II in the HSV-1 gB structure). In contrast to these local alterations to compensate for the absence of gD, the ΔgL-Pass variant showed a more dramatic genetic rearrangement, resulting in a chimeric gDgH fusion protein. The gDgH chimera contained the receptor binding domain (RBD) of PrV gD (comprised within the aminoterminal 271 residues) fused to a truncated gH lacking the "Ndomain," consisting of its ∼100 N-terminal residues (counting the signal peptide) (13) . These results showed that under selective pressure, PrV gL and gD become dispensable for cell invasion from the external medium. gH and gB therefore have the inherent functional requirements to allow entry of PrV virions into cells and are both necessary and sufficient to cause fusion of the viral envelope with the target cell membrane.
The chimeric gDgH fusion protein found in the ΔgL-Pass variant was further shown to substitute for gD, gH, and gL in both virus-free fusion of transfected cells (15) and in complementation assays (13) . The chimera thus carries out gL-independent PrV entry, indicating that neither the gH N-domain nor gL are required for membrane fusion. The gH Ala 64 to Pro mutation in the ΔgD-Pass PrV variant suggests that the N domain, in association with gL, might be used for interactions with the cell, in line with the observation that it is substituted by the gD RBD in the ΔgL-Pass variant. In this work, we generated a core fragment of the PrV gH ectodomain (gH C ), lacking the N domain, for structural studies. We report the 2.1-Å resolution structure of gH C in complex with the Fab fragment of mAb A13-d6.3 (Fab d6.3), which neutralizes the ΔgL-Pass PrV variant.
Results and Discusson
Structure of the PrV gH C :Fab d6.3 Complex. The constructs used for crystallization and the details of the structure determination are described in SI Materials and Methods, and the crystallographic statistics are reported in Table S3 . The gH C protein includes amino acids 107-639 of PrV gH (Fig. 1A) . The gH C :Fab d6.3 structure shows that gH C has an elongated, gently curved shape, roughly 70 Å in length and 50 Å in cross-section, folded as three sequential domains, with the N and C termini located at opposite ends. Fab d6.3 binds to the convex side, toward the C-terminal membrane proximal end (Fig. 1B) . The crystals show clear electron density for 470 amino acids out of the 533 residues of the gH C construct. The disordered regions in the gH C structure are the N-terminal segment of 34 amino acids (107-130), five internal loops (198-210, 448-450, 469-482, 543-546, and 603-607) and the C-terminal five residues that connect to the TM region (634-639) (Fig. S1 ).
The d6.3 Fab contacts residues 332-373 of gH, in a region including 2 α-helices at the gH C surface (α 6 and α 7 , Fig. 1C ). Five of the six complementarity determinant regions (CDR) of the Fab interact with gH: all three CDRs from the heavy chain (loops H1, H2, and H3) and loops L1 and L2 of the light chain ( (Fig. S2D ). mAb A13-d6.3 is the only reported antibody binding to PrV gH, which is a poorly immunogenic glycoprotein (12, 13) . This is in contrast to gH from HSV-1 and -2, for which numerous mAbs have been obtained, the majority of which maps to the N-terminal half of the protein (16) (17) (18) (19) (20) . The lack of immunogenicity of the N domain of PrV gH is likely due to the absence of a rigid structure, given its high Pro/Gly content (29%) compared with HSV-2 and EBV gH (13 and 18%, respectively). In line with this observation, the gH E /gL heterodimer, containing the intact gH ectodomain (gH E ), failed to crystallize in our hands (SI Materials and Methods), suggesting that domain I (which would be composed of gL and the N domain of gH (see below), is mobile and probably poorly structured.
Immunostaining experiments (Fig. S3A) showed binding of mAb A13-d6.3 to ΔgL-Pass virions and no binding to wild-type PrV, in line with previous results indicating that it neutralizes the ΔgL-Pass mutant but not wild type. However, our experiments demonstrate that the soluble recombinant gH E /gL heterodimer is efficiently recognized by Fab d6.3 in solution (Fig. S3B) , indicating that the epitope is accessible in the presence of gL (the location of the mAb A13-d6.3 epitope in the context of the surface properties of gH is outlined in Fig. S4 ; it is also displayed as ribbons in Fig. S5 ). Immunostaining experiments with polyclonal anti-gH sera showed that the ΔgL-Pass variant appears to have a much higher density of the gHgD chimera at its surface, compared with the apparent density of gH/gL heterodimers in wild-type virions (Fig. S3A) . The fact that the mutant would need a higher copy number of the gDgH chimera per virion is not surprising, given that the virus has not evolved to function that way, and the chimera is likely to be less efficient in entry than wild-type gH/gL. This feature would also make the gDgH chimera more easily neutralized by the mAb, explaining the previous observations. Additional studies on the relative copy number of the various herpesvirus entry glycoproteins are clearly necessary; they could provide further clues to understand the mechanism involved. gH C Architecture. Despite poor sequence conservation ( Fig. S1 and Table S1 ), PrV gH C displays the same domain organization as EBV gH, presented in the accompanying manuscript (21) , and as HSV-2 gH (7) ( Fig. 2 ; see also Table S2 ), although the domain boundaries reported for the latter are different. The N-terminal truncation in gH C (residues 25-106) results in the absence of domain I, with the structure displaying the remaining domains, II to IV. Comparison with the HSV-2 and EBV gH/gL structures indicates that domain I in PrV gH is formed by the N domain in association with gL and that it would be similar in size to domain I in EBV gH/gL, i.e., about half that of its counterpart in HSV-2 gH/gL. Domain II. Domain II comprises residues 131-332 ( Fig. 2A and Fig. S6A ) and has an α/β-fold. The segment 131-143, spanning the gH C N-terminal residues with visible electron density, is in an extended conformation and makes an antiparallel β-strand (termed β 0 ) with its counterpart from a neighboring gH C molecule in the crystal (Fig. S5) . Comparison with the structures of EBV and HSV-2 gH indicates that β 0 is part of an upstream long loop that folds back against domain II in the full-length molecule. Immediately downstream is an antiparallel β-sheet (the "fence") with up and down topology (strands β 1 through β 5 ), featuring a long β 4 β 5 loop in which 13 residues are disordered (198-210). The fence is followed by helix α 1 , which connects to an elongated antiparallel 3-helix bundle, composed of helices α 2 -α 4 , which we term "syntaxin-like bundle" (SLB) because of the strong structural similarity to the N-terminal domain of syntaxins 1A and 6 (Dali scores of 6.2 and 7.5, respectively, Fig. S6B ). The presence of the SLB went unnoticed in the description of the structure of HSV-2 gH (composed of helices α 7 -α 9 in that structure), perhaps because it was grouped into a single domain with the α-helices of domain 
III (see below
portion of the β-sheet, burying aromatic and aliphatic side chains. This interface is relatively conserved in all three structures that we have compared (PrV, HSV-2, and EBV gH). In contrast, helix α 1 is variable in length and orientation, and the packing of the SLB with domain III also differs in the various structures. This is illustrated in Fig. 2D , in which the three molecules, HSV-2 gH/ gL, PrV gH C , and EBV gH/gL are structurally aligned on the SLB and displayed in the same orientation. In PrV and HSV-2 gH, the interactions with the SLB appear to force the β-sheet to be planar, like a fence, instead of presenting the standard right-handed twist typical of β-sheets, indicating that the SLB imposes an important structural constraint. The conserved, tight packing of the SLB against the fence argues against the distribution of these two tertiary structure elements into two separate domains (domains H1 and H2, as suggested for HSV-2 gH) (7). Furthermore, whereas the side of the fence packing against the SLB is very hydrophobic, its opposite side displays only polar residues, including a glycan attached to Asn 162 on strand β 2 , which would not form the core of a separate domain. Disulfide bond 1, connecting the end of the last helix in the SLB with the tip of β 1 in the fence ( Fig. 2A and Fig. S6A ) further clamps these two tertiary structure elements together. Domain III. Domain III (residues 333-492) is an α-helical bundle composed of eight consecutive helices (α 6 to α 13 , Fig. 2B and Fig.  S6C ). The first four helices in the sequence are arranged as two imperfect HEAT repeats (22) . Helices α 8 and α 11 are at the center of the bundle, and all of the others are at the periphery. The peripheral helices α 6 and α 7 contribute most of the residues that form the epitope recognized by mAb A13-d6.3, as described above.
The two central helices, α 8 and α 11 , span patches of strong sequence conservation across herpesviruses, in particular helix α 11 , which breaks at the conserved sequence 437 SerProCys 439 , giving rise to the 3/10 helix η 4 at its C-terminal end (Fig. S1) . Pro 438 introduces a distortion so that Cys 439 can make a strictly conserved disulfide bond with Cys 404 (disulfide 2, Fig. S6C ). A long, mobile loop connects the last two helices, α 12 and α 13 , in which 14 residues are disordered. The same loop is shorter in gH from β-herpesviruses and is missing altogether in the γ-herpesviruses (Fig. S1) . Interface between domains II and III. The contacts between these two domains in PrV gH are less extensive than between the SLB and the fence. The end of domain II features a stretch of extended polypeptide (between helices α 4 and α 5 , Fig. S1 and Fig. 2A ) wedged in between strand β 1 in the fence and helix α 4 in the SLB, with the short helix α 5 at its very end. The other α-herpesviruses have a 20-aa-long insertion at the end of this segment (Fig. S1) , as the chain enters domain III. In the structure of HSV-2 gH, this insertion contains a long α-helix (termed helix α 11 in that structure (7), displayed in dark gray in Fig. 2D ). Whereas domains II and III are individually similar and display high DALI scores (Table S2) , the presence of helix α 11 in HSV-2 gH alters considerably the domain interface, contributing to a different packing angle. Indeed, the domain II/III interface is at the "heel" of the boot-shaped HSV-2 gH/gL complex, whereas in PrV gH the three domains are along a rod, similar to EBV gH/gL. Domain IV. Domain IV (residues 493-633) is the most conserved domain of gH. It is a β-sandwich formed by two apposed fourstranded β-sheets, β 6 β 7 β 9 β 8 and β 13 β 12 β 10 β 11 , which are sequential and are therefore termed N and C sheets, respectively (Fig. 2C  and Fig. S6D ). The β-sheets are oriented with the strands perpendicular to the long axis of gH, so that one edge of the sandwich packs against domain III and the other is at the distal end of the rod-like molecule. The topological arrangement of the β-strands is unlike any eight-stranded antiparallel β-barrel described previously. Helix α 14 , in the β 11 β 12 loop, packs against the C sheet, which becomes sandwiched in between the N sheet and the helix. Domain IV has two disulfide bridges, 3 and 4, and a free cysteine (Cys 573 ) at the beginning of strand β 10 . A glycan residue is attached to Asn 627 in the loop connecting the last two strands, β 12 and β 13 , near the C terminus of the ectodomain. This glycosylation site is conserved throughout the Herpesviridae family (Fig. S1 ), suggesting that it may have a functional role. Its removal was shown, however, not to affect the growth kinetics of a recombinant HSV-1 strain in tissue culture (18) . The glycosylated Asn 627 is part of a highly conserved segment of the gH sequence that encompasses amino acids 622-633 (Fig.  S1 and Fig. 3B ), which creates a hydrophobic surface patch, suggesting that a function for the glycan at this position could be to partially mask the hydrophobic patch from solvent (Fig. 3) .
Residue Val 691 in HSV-1 gH, which corresponds to Val 529 in PrV (Fig. S1 ) and is conserved in α-herpesviruses, has been identified as functionally important by insertional mutagenesis monitoring complementation of a gH-negative virus for fusion and infectivity (18) . Val 529 is located in the exposed loop between strands β 8 and β 9 in the N sheet (Fig. 3B) . Together with Ile 531 and Pro 534 , it forms a second hydrophobic patch in domain IV (Fig. 3C) . The surface location of these residues strongly suggests that their perturbation by mutagenesis would be unlikely to interfere with the structural integrity of domain IV. Their conservation rather suggests a functional role, which could 
The "Flap" and a Protein Disulfide Isomerase (PDI) Motif in gH. An intriguing feature, conserved in the structures of gH from the various herpesviruses analyzed, is the connection between the N and C sheets of domain IV, via a long crossover segment of polypeptide chain, the flap (residues Asn 542 to Cys 573 connecting β 9 and β 10 ) (Fig. 2C and Fig. S6D ). The flap runs across the bottom edge of the molecule, closing the β-barrel at the C-terminal membrane-proximal end, in a region displaying a strong negative electrostatic surface potential (Fig. S4) . The flap is clamped at both distal ends by disulfide bonds 3 and 4, and its conformation appears as a flexible cap. The structure suggests that a modest conformational change moving the flap out of place would expose a single continuous hydrophobic surface, connecting the two conserved patches mentioned above (Fig. 3 A and C) . Very similar hydrophobic patches covered by the flap, are also present in gH of HSV-2 and EBV (Fig. S7) .
Disulfide 4, at the C-terminal side of the flap, is made by the two cysteines of a CXXC PDI motif, conserved across the Herpesviridae family with the notable exception of HSV-1 and -2 (Fig.  S1 ). It is also noteworthy that in PrV, the PDI motif is extended to make a 568 CXXCXC 573 motif, with the last cysteine free (Fig. 2C ). The cysteines are arranged such that a small distortion would allow disulfide reshuffling to connect C and C+5 instead of C and C+3. This possible reshuffling could be a way to stabilize a putative alternative conformation of the flap to expose the hydrophobic patch underneath. A PDI motif next to a free Cys has been observed in the envelope proteins of γ-and δ-retroviruses, where it is involved in releasing the disulfide bond across SU and TM subunits, allowing TM to undergo a fusogenic conformational change (23) .
The fact that the free Cys 573 of PrV gH is not conserved in the other herpesviruses indicates that stabilization of a putative "open" conformation of the flap by an alternative intramolecular disulfide bond is not an absolute requirement. On the other hand, the conservation of the PDI motif in so many distant herpesviruses (Fig. S1 ) is a strong indication of a possible functional relevance. The CXXC motif could be important only for proper folding in the endoplasmic reticulum (ER), a requirement that would not be needed for gH from HSV-1 and -2 in spite of sharing the same fold in domain IV. The location of the CXXC motif at the periphery of the molecule, at one end of the flap and not at the folding core of the domain, argues against a role during folding. Its absence in HSV-1 and -2 gH, which otherwise display the flap in the same location (Fig. S7) , suggests that these viruses would have evolved a different way of activating exposure of the hydrophobic patch underneath the flap, if this is indeed the mechanism of interaction of gH with membranes. Such a role is supported by mutations of EBV gH residues that are part of the flap, which were shown to affect fusion (21, 24) .
Functional Implications. In contrast to gB, the structure of gH bears no structural homology to any of the characterized viral membrane fusion proteins. However, gB by itself is not sufficient to drive membrane fusion, requiring a concerted action with the gH/ gL heterodimer. A role in membrane fusion for gH/gL is supported also by reports showing that it can cause hemifusion (25) as well as low levels of membrane fusion in the absence of gB (26, 27) . The fact that herpesviruses need several proteins to induce membrane fusion has parallels with fusion of intracellular vesicles with their target membranes, for instance fusion with the plasma membrane to release neurotransmitters at synapses. Although the exact role of gH in the fusion process is not understood, the structural studies suggest that it could act like synaptotagmins, which work in conjunction with the SNARE proteins to drive fusion (28) . Synaptotagmins have "C2" domains, which insert into the cytoplasmic leaflet of the vesicle membrane upon binding of Ca 2+ ions, thereby inducing a strong, destabilizing local curvature in the lipid bilayer, lowering the energy required for the actual fusion step (29) . In the case of herpesvirus fusion, the topology is opposite to that of intracellular vesicles, with the outer leaflet of the virus merging to the outer (or luminal) leaflet of the cellular membrane during hemifusion. Ca 2+ ions are therefore not a likely signal, in contrast to the corresponding processes occurring at the cytoplasmic side. For α-herpesviruses, gD binding to its receptor signals the activation of the gH/gL and gB fusion machinery. In the case of HSV-1, there is evidence pointing to a physical interaction between gH/gL and gB upon the gD signal (30) , similar to the interaction between synaptotagmins and the SNAREs. The trigger for fusion can be, in addition to binding to gB as discussed in (7), a change of conformation of the gH molecule itself, exposing a hydrophobic patch to interact with membranes and induce a strong, destabilizing local curvature, similar to the role of synaptotagmins.
A further link to intracellular membrane fusion proteins is the presence of the SLB in domain II. Syntaxins are members of the SNARE family of proteins (31) and are anchored by their Cterminal end to the cytoplasmic side of target membranes (tSNAREs). Their N-terminal domain (called Habc domain in the case of syntaxin 1) is followed by a region that adopts an alphahelical conformation to oligomerize with the other SNARE proteins to form the SNARE complex to drive membrane fusion. In gH, the SLB is followed directly by the α-helical bundle of domain III, which is in turn followed by the flap-containing domain IV. There is no evidence indicating that gH undergoes a major fusogenic conformational change in which the helices tightly folded within domain III would become available for oligomerization or for interaction with membranes. A more subtle conformational change, exposing the hydrophobic patch at the membrane proximal base of domain IV thus appears more plausible and is more in line with the existing mutational data.
Concluding Remarks. The structure of the HSV-2 gH/gL complex was recently reported (7), providing the overall 3D organization of the molecule and revealing the intricate heterodimerization of its N-terminal segment with gL. In parallel, the accumulated biological data on PrV gH has allowed the dissection of regions of gH that are involved in membrane fusion and those that are likely to be used for interactions with the host cell, as evidenced by the fact that the N-domain together with gL can be replaced by the RBD of gD in a functional chimeric protein. The lack of sequence similarity in the N-terminal half precluded engineering similar chimeras for HSV-1 or -2, and the present structure now fills that void. In addition, the fact that neither gD nor gL is strictly necessary for PrV spread across cells, reinforces the notion that gD and domain I of gH/gL may be involved in interactions of α-herpesviruses with receptors that are necessary only for invasion from the medium. In line with this notion, the integrin α V β 3 binding motif in HSV-2 gH (32), composed of residues RGD 176-178 , maps to domain I (Fig. 2D) . Comparison with the structure of the more distant EBV gH/gL heterodimer highlights additional conserved structural features that were previously unnoticed. One is the SLB, with identical packing of the helices within the bundle. Although the structural similarity between the SLB and the syntaxin N-terminal domain is clear, there is a nonnegligible chance that it is fortuitous, given the simple nature of the three-helix motif. However, the parallel it brings with intracellular vesicular fusion is intriguing. Finally, the presence of the flap in all three structures, masking a conserved hydrophobic patch in the context of a strong negative electrostatic surface potential that would make repulsive interactions with the viral membrane, is another important feature emerging from this comparative structural analysis. Thus the various structures of gH, revealing intriguing structural similarities with other cellular and viral proteins involved in membrane fusion, open the way to structure-driven site-directed mutagenesis to unveil the mechanism of herpesvirus-induced membrane fusion.
Materials and Methods
Production of the Recombinant PrV gH C and Fab d6.3 Proteins. The generation of the PrV gH C and gL expression constructs is described in SI Materials and Methods. Drosophila melanogaster Schneider 2 (S2) cells were cotransfected with 2 μg of each of the expression plasmids, and 10 ng of a plasmid carrying a hygromycin resistance gene. Stable S2 cell lines expressing gH C and gL were obtained by selection in medium containing 400 mg/L hygromycin using established protocols (33) . Protein production was induced by addition of 0.5 M copper sulfate, and the supernatant was harvested 7 d after induction. gH C was purified from the supernatant using a Strep-Tactin Superflow high-capacity 1-mL column (IBA GmbH), followed by size exclusion chromatography on a HiPrep 16/60 Superdex S200 column (Pharmacia) in 10 mM Tris pH 8, 50 mM NaCl buffer. Typical yields of pure gH C were 8-12 mg/L of cell culture. The cloning, expression, and purification of Fab d6.3 were reported previously (34 (37) . The atomic models were refined with REFMAC (37) and autoBUSTER (38) .
